Many chitinases and their genes have been obtained from various plants. To understand structural features of plant chitinases, some classification systems have been proposed by some research groups. However, the complicated multiple classification of plant chitinases frequently confuses researchers. In this article, structures and classification systems of plant chitinases are reviewed, and their issues are discussed. Plant chitinase is considered to protect plants against fungal pathogens by degrading chitin, a major component of the cell walls of many fungi. The antifungal activity of various chitinases derived from various plant sources has been investigated, but a correlation between the structure and the antifungal activity of the proteins has been unclear. To exhibit antifungal activity, a chitinase must bind to fungal cell walls, and then, it should degrade the chitin in them. Roles of the chitin-binding domain and catalytic domain in antifungal activity of plant chitinases are discussed.
Chitinases (EC 3.2.1.14) catalyze the hydrolysis of chitin, which is a β 1,4 linked homopolymer or oligomer of N acetyl D glucosamine (GlcNAc). Many seed plants synthesize various chitinases. 1, 2) However, an endogenous substrate for plant chitinases has not yet been found. In the absence of an endogenous substrate, plant chitinases may be involved in the interaction between plants and microbes, which produce chitin and chitin related compounds. It is accepted by many researchers that one of the physiological roles of these chitinases is to protect plants against fungal pathogens by degrading chitin, a major component of the cell wall of many fungi. 3, 4) There is strong correlative evidence. The low constitutive activity of chitinase found in many plants can be dramatically induced by infection with fungal pathogens. 1, 2, 5) The antifungal activity of chitinases derived from various plants has been investigated in vitro and in vivo. 1, 5) However, some chitinases do not show any antifungal activity. 6, 7) Plant chitinases are induced not only by pathogenesis but also by abiotic stress. Several plant chitinases are constitutive, developmentally regulated, and tissue and organ specific. It appears that the role of plant chitinases does not consist solely of defense against pathogen attack. 8 11) There are several types of chitinase in plants. On the basis of their amino acid sequences, plant chitinases have been classified into several classes. Even in the same class, there are various isoforms which have low homology and or a different isoelectric point. Why do various structures of chitinase exist in plants Chitinases having different structures should play different roles or the same roles in different manners. Their biochemical characters, depending on their structures, are expected to relate to their physiological roles.
To address this issue, a correlation between the structure of plant chitinases and their antifungal activity has to be understood. In this review, first, structures and classification systems of plant chitinases are reviewed, and their issues are discussed. Next, antifungal activities of plant chitinases are reviewed, and a correlation between their structure and antifungal ability is discussed.
Classification of plant chitinases.
According to the CAZy database (http: afmb.cnrs mrs. fr CAZY ), chitinases are divided into two families, glycoside hydrolase (GH) family 18 (GH 18) and 19 (GH 19) . GH 18 and GH 19 chitinases differ not only in sequence but also in hydrolytic mechanisms because they operate by retention and inversion, respectively, of the anomeric configuration. 12) There are both families in plant chitinases. On the other hand, plant chitinases have been classified by some research groups on the basis of their amino acid sequences. First, class I, II and III chitinases were proposed by Shinshi et al . 13) Collinge et al . proposed class IV chitinases that share homology with class I chitinases but are smaller due to some deletions. 1) Melchers et al . proposed a 40 kDa tobacco chitinase homologous to bacterial exo chitinases as a class V chitinase. 14) To date, this classification system based on the above three papers has been more frequently used than the other ( Fig. 1(A) ). The details of classes are described as follows. Class I chitinases consist of an N terminal chitin binding domain and a GH 19 catalytic domain. The chitin binding domain, belonging to carbohydrate binding mod-ule family 18 (CBM 18), has homology to hevein, an antifungal peptide from rubber latex, and chitin binding lectins such as wheat germ agglutinin. Class II chitinases have only a catalytic domain homologous to that of class I chitinases. Class IV chitinases share homology with class I chitinases but are smaller due to four deletion and C terminal loop sequences. Both class III and V chitinases consist of only a GH 18 catalytic domain. Class III and class V chitinases share the consensus sequence DXDXE, but otherwise show very low homology to each other and the molecular mass of class V chitinases (about 40 kDa) is higher than that of class III chitinases (about 30 kDa). The tertiary structure of hevamine, a class III chitinase from rubber latex, had been solved but that of any class V chitinase has not. However, the tertiary structure of the catalytic domain of human chitotriosidase, having homology to plant class V chitinase, had been solved. 15) From structure based alignment of plant class V and class III chitinases and human chitotriosidase, it is suggested that there is a big insertion in class V chitinases compared to class III chitinases. 16) The class V chitinases are homologous to several chitinases from microbes and animals. The name "class V chitinase" is also used in the classification of fungal chitinase, based on sequence similarity between plant and fungal chitinases. 17) Since there are several classification systems of plant chitinases in addition to the above mentioned classification system, researchers are frequently confused. Plant chitinases are members of pathogenesis related proteins (PR Proteins). Class I, II and IV chitinases belong to PR 3. Class III and V belong to PR 8 and PR 11, respectively. 18) Neuhaus et al . 19) had proposed a new classification system. In this system, nomenclatures of class I, II, III and IV chitinases are almost the same as the above mentioned classification system, but, "class V chitinase" indicates a precursor of Urtica dioica (stinging nettle) agglutinin (see Fig. 1(B) ). The precursor consists of two hevein domains and a GH 19 chitinase like domain. Mature UDA protein is composed of only hevein domains due to post translational processing. The GH 19 chitinase like domain in the precursor is unlikely to have any catalytic activity, since both catalytic residues are mutated. However, expression of the catalytic domain in Escherichia coli led to a small increase in chitinase activity. 20) The "Class V chitinase" in the system is comprised of only this chitinase like precursor from U. dioica. In the same system, "Class VI chitinase" indicates a particularly unique protein from sugar beets (Beta vulgaris). The protein consists of an N terminal hevein like domain of 22 amino acid residues, an unusually long proline rich domain, and a GH 19 chitinase like catalytic domain ( Fig. 1  (B) ). 21) In the same system, "Class VII chitinase" indicates chitinases without a chitin binding domain but a catalytic domain highly homologous to the domain of class IV chitinases ( Fig. 2 ). 22) Since this classification system is also committed to PR proteins, a name for "Class V chitinases" in the above mentioned classification system is "Class I of PR 11" (Fig. 1(A) ). This classification system contains some proteins not belonging to either GH 18 or GH 19 chitinases and their catalytic mechanism has been not uncovered to date. This classification system seems not to have gained much popularity. Since several plant chitinases are not induced by pathogenesis, a classification system should not depend on the classification of PR proteins. The former classification system seems to be more acceptable and less confusing for many researchers than the latter.
However, the acceptable classification system does not cover some subclasses of plant chitinases. There are several low molecular weight chitinases which have no chitin binding domain and have a GH 19 catalytic domain with some deletion(s) (Fig. 2 ). The deletion(s) is are restricted to loop regions and the C terminal loop region of class II enzymes. 23) There are variations in the number of deletions and their regions. If these varieties are reflected in a classification, it will be complicated. Araki and Torikata 24) have proposed that this low molecular weight subclass of class II chitinases be designated class IIL chitinases. This classification is simple and acceptable. PR P and PR Q, 25) which are prototypes of class II chitinases from tobacco, should be grouped under class IIL chitinases due to a deletion. Yamagami et al . 26, 27) proposed that there is a subclass of class III chitinases, based on the following findings. Tulip bulb chitinase 1 (TBC 1) and gladiolus bulb chitinase a (GBC a) share the consensus sequence DXXDXDXE found in class III chitinases but low sequence homology (below 15%); TBC 1 and GBC a have no disulfide bonds, but class III chitinases GH and CBM indicate glycoside hydrolase and carbohydrate binding module, respectively. Blue fonts with brackets indicate classes, which are based on the classification system proposed by Neuhaus et al . 19) have three conserved disulfide bonds; TBC 1 and GBC a do not lyse Micrococcus luteus cell walls, but hevamine and pokeweed leaf chitinase B (PLC B), typical class III chitinases, lyse these cell walls. Furthermore, hydrolysis of (GlcNAc)5 by TBC 1 and GBC a yields mainly (GlcNAc)3 and (GlcNAc)2; however, PLC B hydrolyzes (GlcNAc)5 to yield mainly (GlcNAc)4 and GlcNAc. 28) Therefore, they proposed that chitinases such as TBC 1 and GBC a should be placed in subclass IIIb ( Fig. 1(A) ). Many homologues to bulb chitinases have been found in major crops such as rice, corn and soybeans, and in a fern plant. 29, 30) In this review, five classes and their two subclasses are adopted.
In addition to the five classes and their two subclasses, several minor chitinases have been reported. Zhao and Chye 31) isolated a B. juncea cDNA encoding BjCHI1, a chitinase consisting of two hevein like chitin binding domains and a GH 19 catalytic domain. By the presence of two chitin binding domains, BjCHI1 resembles the precursor of UDA but, unlike UDA, BjCHI1 retains its chitinase catalytic domain after post translational processing ( Fig. 1  (B) ). Onaga and Taira 30) showed that PrChi A, an antifun-gal chitinase from leaves of P. ryukyuensis, consists of two lysine motif (LysM) domains and a catalytic domain of class IIIb chitinase ( Fig. 1(B) ). LysM domains are found in a variety of peptidoglycan and chitin binding proteins. 32) This is the only report of a plant family 18 chitinase having an extra LysM domain. If these minor sequences are incorporated into the classification system, many researchers will be confused. Therefore, these chitinases having minor sequences should be left as non classified chitinases until their reported numbers have increased.
Antifungal assay of plant chitinases.
Antifungal activities of various plant chitinases have been reported. However, researchers poorly understand what structures of chitinases have high antifungal activity. It is difficult to compare antifungal ability of plant chitinases with different methods and different test fungi. Several results of antifungal activity of plant chitinases using several methods and various fungi are summarized in Table 1 . 5 7,14,30,33 48) Methods of antifungal assay Several methods to detect antifungal activity of chitinases have been developed ( Fig. 3 ): method 1, hyphal growth inhibition assay in liquid medium using a microtiter plate 49) ; method 2, hyphal extension inhibition assay on a solid medium containing agar with potato extract dextrose or malt extract using a Petri dish 5) ; method 3, hyphal growth inhibition assay on solid medium using a Petri dish 34) ; method 4, hyphal growth inhibition assay on solid medium using a 24 well plate. 40) Methods 1 and 2 have been employed in many studies. In the case of method 1, fungal growth inhibition was measured by turbidity using a micro plate reader and this method is quantitative. In the case of method 2, hyphal extension inhibition was judged by shape and area of inhibition zone around a well or paper disc containing the chitinase tested ( Fig. 4(A) ). Method 2 is relatively easy, but is not quantitative. In this method, however, qualitative data such as extent of hyphal branching and diameter of hypha could be obtained through a microscope. Usually, one study group uses only one of these methods. Therefore, it is difficult to compare the sensitivity and accuracy of one method with those of another. Based on common sense, method 2 seems to be closer to nature than method 1, because in plant tissue, hyphae of pathogenic fungi extend into intra or inter cellular gel like the gel of an agar plate. Therefore, quantitative assay on an agar plate is preferable. Taira et al . 50) developed a linear hyphal extension inhibition assay which could obtain semi quantitative data on a PDA plate (Figs. 4(B) and 4 (C)). In addition to this novel assay, a hyphae passing through slit assay has also been developed ( Fig. 5 ). Taira et al . 50) proposed that in the case of a conventional hyphal extension inhibition assay, the effect of chitinases on hyphal tips is mainly observed. On the other hand, in the above novel assays, the effect of chitinases is observed on not only hyphal tips but also the lateral walls of hyphae. By using these novel assays, new evidence was obtained as mentioned later. It is necessary to choose a method which suits the aim of a study.
Test fungus for antifungal assay Various fungi have been used for antifungal assay of plant chitinases. In various fungi tested, genus Trichoderma such as T. viride and T. ressei seems to be more sensitive against chitinase than another. This reason has been unknown; however, the reason should be attributed to the structure of fungal cell walls. It is reasonable that growth inhibition against Oomycetes by plant chitinase was not detected, since their cell walls are composed of cellulose rather than chitin. 34, 51) The sensitivity of a fungus may be related to the degree of deacetylation in the fungal cell wall chitins. 52) To date, there is no evidence of fungus selectivity of plant chitinase; this means that chitinase A is effective for fungus A but is not effective for fungus B, whereas chitinase B is effective for fungus B but is not effective for fungus A. It is necessary to study the cell wall structure of several fungi to understand the mechanisms of the antifungal action of plant chitinases.
Synergistic effect of chitinases with β-1,3-glucanase or other defense-related proteins Except for Trichoderma species, many fungi are not sensitive to several plant chitinases. However, many fungi are sensitive to a combination of chitinase and β 1,3 glucanase, which degrades β 1,3 glucan in the fungal cell walls. 14, 34, 40) 30 kDa Ribosome inactivating protein from barley seeds exhibits antifungal activity by inhibiting protein synthesis in target cells by specifically modifying 28S rRNA. 33) Leah et al . 37) showed that inhibition of fungal growth by 26 kDa chitinase or RIP30 alone is slight, but is greatly enhanced by mixing the two proteins. One microgram of 20 kDa chitin binding protein (CBP20) from tobacco leaves inhibited growth of T. viride strongly by itself; however, it did that of Fusarium solani slightly. In like manner, addition of 0.5 µg of tobacco class I chitinase alone did not cause interference with the growth of F. solani. However, the combination of 1 µg of CBP20 and 0.5 µg of the chitinase inhibited the growth of F. solani in a synergistic manner. 53) These synergistic effects of chitinase and other defense related proteins are very interesting in plant defense mechanisms and are very important to produce pathogen resistant transgenic plants.
Relationships between antifungal abilities of plant chitinases and their family and charge.
There are many reports of antifungal activity of plant GH 19 chitinases; however, reports of antifungal activity of plant GH 18 chitinases are very limited ( Table 1 ). In the same GH 19 chitinases, reports of antifungal activity of basic isozyme are more than those of acidic isozyme. I checked antifungal abilities of various plant chitinases having various structures and isoelectric point (pI ) Shown as µg per well or paper disc. Not detectable at the amount used in the parentheses. Showed very low extent of antifungal activity at the amount used. (Fig. 6 ). Basic class I and II chitinases exhibit strong antifungal activities. A basic class III chitinase has a low level of antifungal activity. Acidic chitinases had no or a very low level of antifungal activity. These results indicate the charge of plant chitinases is very important for their antifungal activities. In addition, the antifungal activities of GH 19 chitinases are higher than those of GH 18. Taira et al . 44) showed that basic class II chitinase bound to the fungal cell wall column, packed with cell wall fraction prepared from mycelia of Trichoderma sp., under pH 6.0 and low ionic strength conditions. The binding ability of basic class II chitinase was reduced by elevating pH or ionic strength. Many antimicrobial peptides have high basicity, and basicity of these peptides would be sufficient for antifungal activity. An antifungal activity of Ac AMP (Amaranthus caudatus antimicrobial peptide), a hevein like chitin binding peptide, is reduced at higher ionic strength. 54) These findings suggest that basicity of plant chitinase contributes to the affinity of the protein to the fungal cell surface. The surface of microbial cells has a negative charge due to negatively charged phospholipid headgroups. Basic chitinases might bind to the fungal cell surface by ionic interaction. It seems to be fundamental manner of natural immunity to distinguish between the self and nonself by features of their surfaces. P. ryukyuensis chitinase A (PrChi A) is the only plant GH 18 chitinase having chitin binding domains. 30) PrChi A exhibits antifungal activity, whereas, a mutant without two chitin binding domains does not. Tobacco class V chitinase exhibits antifungal activity against T. viride and A. radicina. 14) The antifungal activities of tobacco class V chitinase and PrChi A were clearly lower than those of basic class I and II chitinases from rye seeds (Ohnuma and Onaga, unpublished data). Chi19F, a GH 19 chitinase having a chitin binding domain, from S. coelicolor exhibited antifungal activity, whereas GH 18 chitinases from the same strain did not, in spite of the chitinases having a chitin binding domain. 55) These findings suggest that GH 19 chitinases are more adaptive to disrupt the fungal hyphae than GH 18. In addition, there may be adaptive chitin binding domains and non adaptive chitin binding domains to bind onto the fungal cell walls.
Roles of chitin-binding domain in antifungal activity of class I chitinases.
In several types of plant chitinases, class I chitinase is of interest due to the role of the chitin binding domain in antifungal activity. An antifungal activity of class I and II chitinases had been demonstrated by using some bioassays. Basic chitinase C (class II) derived from barley seed inhibited the growth of the fungus T. viride as well as basic chitinase T (class I) did. CHN A (basic class I chitinase derived from tobacco) and its mutant, ∆C CHN (CHN A without a chitin binding domain), were capable of inhibiting the growth of T. viride, although CHN A was about five times more effective than ∆C CHN. 56) Tob chitinase (tobacco basic class I) and Tob∆H chitinase (Tob chitinase without the chitin binding domain) have been found capable of inhibiting the growth of T. viride, although Tob chitinase was more active; the inhibition zone exceeded 1.5 mm at 4.5 µg of enzyme per well, whereas 18 µg of Tob∆H chitinase was necessary to obtain the same effect. 41) Taira et al . 50) showed that RSC a (basic class I chitinase from rye seeds) and RSC c (basic class II chitinase with 92% sequence similarity to the catalytic domain of RSC a) exhibited antifungal activity to a similar extent by using a conventional hyphal extension inhibition assay. However, the actions of RSC a and c on hyphae were shown to be different by using a novel bioassay. The assay, a hyphae passing through slit assay, showed that the hyphal extension was more persistently inhibited by RSC a than that affected by RSC c and the hyphae affected by RSC a were abnormally extended (Fig. 5) . These reports indicate that the chitin binding domain of class I chitinase contributes to the antifungal ability of the chitinase. How does the domain contribute to the antifungal action There is only one study on the antifungal ability of the chitin binding domain obtained by limited hydrolysis of class I chitinase. 50) The chitin binding domain of basic class I chitinase from rye seeds had no or a very low level of antifungal activity, whereas the catalytic domain of this chitinase exhibits antifungal activity as well as basic class II chitinase ( Fig. 4(A) ). In addition, the antifungal activity of a mixture of the chitin binding domain and the catalytic domain was similar in extent to that of the catalytic domain alone. These results suggest that the chitin binding domain in class I chitinase carries the chitinase onto the target molecule of the fungal cell surface. The target should be a chitin.
During apical growth in filamentous fungi, chitin and β glucan fibers are synthesized simultaneously in the tip of the growing hypha. In the mature fungal cell walls, at a distant part from the hyphal tip, the polysaccharides are cross linked to form mixed chitin glucan fibers and may be overlaid by other polysaccharides and protein layers. These findings support the following idea. At the hyphal tip, the exposed nascent chitin chains are only accessible to hydrolysis by chitinase, whereas the chitin layer in the mature cell walls is inaccessible to degradation by the enzyme. 1) Benhamou et al . 57) measured the density of cell wall chitin of R. solani at various times after exposure to basic bean class I chitinase by using WGA ovomucoid gold complex. By 30 min after exposure to the chitinase, the density of cell wall chitin in hyphal tips fell to 51% of that of non treatment cell walls, whereas that in septa and lateral walls remained at 65 and 83%, respectively. After 60 min, the densities of cell wall chitin in hyphal tips, septa and lateral walls were 32, 58 and 64%, respectively. After 360 min, the densities of cell wall chitin in hyphal tips, septa and lateral walls fell to below 5%. These observations indicate that chitin in the hyphal tip is certainly sensitive to basic class I chitinase; however, the chitinase could degrade the chitin in septa and lateral walls as well as the chitin in hyphal tips. Taira et al . 44) showed that FITC labeled RSC a bound to the hyphal tips, lateral walls and septa but FITC labeled RSC c bound only to the hyphal tips ( Fig. 7) . Furthermore, RSC a had a greater affinity for the cell walls than RSC c. RSC a liberated a larger amount of reducing sugar from the cell walls than RSC c did. These results suggested that basic class I chitinase binds to the lateral walls and septa, consisting of the mature cell walls, and degrades mature chitin fiber, while basic class II binds only to the hyphal tips followed by degradation of only nascent chitin (see Fig. 9(B) ).
Taira et al . 44) showed that the antifungal activity of rye seed basic class I chitinase at high salt concentrations is slightly stronger than that under low ionic strength conditions. At high salt concentrations, the class I chitinase had affinity to the fungal cell walls, whereas the catalytic domain of the chitinase did not. Acidic class I chitinase from pineapple leaves inhibited hyphal growth of T. viride at high salt concentrations, whereas the chitinase did not exhibit antifungal activity under low ionic strength conditions. 6) The chitin binding ability of basic class I chitinase from gazyumaru latex was enhanced by increasing the salt concentration. 7) The antifungal activity of rye seed class I chitinase mutant W23A (Trp23 to Ala in the chitin binding domain), which is impaired in chitin binding activity, was weakened with increasing salt concentrations in the culture medium ( Fig. 8 ). 58) The binding of the carbohydrate binding module (CBM17) from Clostridium cellulovorans cellulase 5A to cellopentaose and cellohexaose was increased by the presence of NaCl and the participation of tryptophan residues in ligand binding was indicated. 59) In the case of Bacillus circulans chitinase A1, replacement of Trp687 (in the chitin binding domain) with phenylalanine significantly reduced chitin binding activity at lower salt concentrations but allowed strong binding to chitin at high salt concentrations. 60) These findings indicate that the chitin binding domain binds to a chitin by hydrophobic interaction through hydrophobic amino acid residues, since tryptophan is the most hydrophobic amino acid and high salt concentrations should increase The samples to be tested were placed into the wells in 10 mL of distilled water with 50 pmol of purified chitinases. 1, blank (distilled water); 2, RSC a; 3, recombinant RSC a; 4, E126Q; 5, W23A; 6, RSC c. (A) and (B) contain culture medium with 0 and 0.1 M NaCl, respectively. Reproduced, with permission, from Ref. 63). hydrophobic interaction. Basic class I chitinase could bind to the fungal cell walls both by hydrophobic interaction through the chitin binding domain and by ionic interaction through the catalytic domain ( Fig. 9(A) ).
Contribution of chitin-hydrolytic activity of plant chitinases to their antifungal activity.
The mutant protein of the 26 kDa chitinase (class II) of barley that does not possess chitinolytic activity had 15% of the antifungal activity of the wild type of chitinase. 61) The mutant protein of class I chitinase from chestnut seeds that had no chitinolytic activity caused as much morphological change of T. viride hyphae as the wild type of chitinase. 62) By only observation through a light microscope, researchers proposed that catalysis of class I chitinase is not necessary for antifungal activity. The mutation of Trp72 to Ala in RSC c caused decreases in both chitin hydrolytic activity and antifungal activity. 63) The mutant of RSC c, possessing no chitinolytic activity, made a very narrow inhibition zone on an antifungal assay under high ionic strength conditions. 44) Ohnuma et al . 58) showed that the mutant of RSC a, having no chitin hydrolytic activity, did not exhibit antifungal activity under either low or high ionic strength conditions (see Fig. 8, well 4) . A chitin hydrolytic inactive mutant of PrChi A did not inhibit hyphal extension of T. viride. 30) It is true that some chitinase mutants having no chitin hydrolytic activity exhibit slight antifungal activity; however, there is no doubt that the major antifungal activity of chitinases is based on their chitinolytic activity ( Fig. 8 ).
Conclusion.
Chitinase is considered to protect plants against fungal pathogens by degrading chitin, a major component of the cell walls of many fungi. To have antifungal activity, first, a chitinase must bind to fungal cell walls, and second, it must degrade the chitin in it. Many studies support that basic class I chitinase has the highest antifungal activity among plant chitinases due to its strong binding ability to fungal cell walls and chitin degrading activity. Following is a summary of antifungal action of basic class I chitinase ( Fig. 9 ): First, basic class I chitinase bound to hyphal tips and lateral walls and septa, consisting of mature cell walls, by mainly ionic interaction of the catalytic domain and by hydrophobic interaction of chitin binding domain, and second, degraded mature chitin fibers as well as nascent chitin by its hydrolytic action. On the other hand, basic class II chitinase bound only to the hyphal tip by mainly ionic interaction by itself, followed by degradation of only nascent chitin. As a result, the basic class I chitinase more effectively inhibited fungal growth than basic class II chitinase did.
However, several questions still remain. Why is GH 19 chitinase more effective to inhibit fungal growth than GH 18 chitinases In spite of the chitin binding module, what is the difference between an adaptive chitin binding domain and a non adaptive chitin binding domain in its ability to bind to the fungal cell walls It is necessary to study the cell wall structure of several fungi to understand the antifungal action of plant chitinases. To clarify the relationship between the structure of plant chitinases and their antifungal action in detail, it is also necessary to develop more quantitative assays on solid medium. I greatly appreciate the kind gift from of several chitinases Dr. Takeshi Yamagami (Kyushu University). This work was supported in part by Grant in Aid for Young Scientists (B) and a grant from the Takeda Science Foundation. mutagenesis of cDNA encoding rye (Secale cereale) seed chitinase c. Biosci. Biotechnol. Biochem., 66, 277 284 (2002). 
